Abstract
mainly diatoms (Chaetoceros pelagicus), dinoflagellates (Dinophysis acuminata, Gyrodinium 243
britannicum) and ciliates (Strombidium spp.). In summer total microplankton biomass on the 244 on the Greenland shelf was lower than in spring mainly due to a decrease in the concentration 245 of Phaeocystis sp. At this time, however, total microplankton biomass in the NIC, SIC and 246 CIS was higher than in spring due to an increase of diatoms and dinoflagellates concentration 247 (Fig. 2) . On the other hand, ciliates biomass in summer was comparable to that measured in 248 spring at most stations with the exception of the Greenland shelf (EGC-P) and the NIC where 249 concentrations where higher in summer. 250
In winter, the sampling of the mesozooplankton could not be carried out within the 251 EGC-P, EGC-A, and SIC zones due to bad weather conditions. At this time, total 252 microplankton biomass ranging from 3.3 mg C m -3 to 8 mg C m -3 was much lower than 253 concentrations measured during the previous two cruises ( Greenland shelf (0.08 -0.7 mg C m -3 ) within the EGC-P (Fig. 1B and Fig. 3 ). In spring the 271 highest Oithona spp. biomass of about 1 mg C m -3 was measured on the RR whereas in 272 summer a maximum of 2 mg C m -3 was recorded on the IS (Fig. 3A-B) . Overall, the Oithona 273 spp. mean biomass (± SE) in spring (0.24 ± 0.027 mg C m -3 ) was similar to that measured in 274 winter (0.19 ± 0.022 mg C m -3 ) but significantly lower (ANOVA, F [2, 66] = 45.53, p < 0.0001) 275 than in summer (1.14 ± 0.13 mg C m -3 ). 276
Overall, the proportion of Oithona spp. nauplii and copepodites was significantly higher than 277 that of the adult females which consistently accounted for between 3 % to 4 % of the total 278
Oithona spp. stages abundance throughout the cruises ( Fig. 3 and Table II ). On the other 279 hand, the relative proportion of adult males and females varied widely both spatially and 280 seasonally. Females were always more numerous than males resulting, on average, in a 1:3 281 sex ratio. 282
The proportion of nauplii and copepodites also differed between zones and cruises; in 283 winter and spring the abundance of the nauplii was higher than that of the copepodites, 284 whereas naupliar biomass was comparable or lower. In summer, on the other hand, 285 copepodites became the most important component of the Oithona spp. population both in 286 terms of abundance and biomass ( Fig. 3B and Table II) . 287
During spring the relative biomass of nauplii in the population was lowest in the inner 288 part of both the EGC-P and IS shelves whereas it increased progressively offshore towards the 289 deeper stations within the CIS, NIC and SIC zones. As a result, in spring, the relative 290 proportion of nauplii in the population of Oithona spp. was positively significantly correlated 291 with depth (df = 35, r = 0.56, p < 0.0001) and salinity (df = 36, r = 0.44, p = 0.006) but not 292 with temperature or with microplankton biomass. In summer, the highest relative biomass of 293 nauplii in the Oithona spp. population was measured off the Greenland shelf (EGC-A and 294 CIS) whereas the lowest was recorded on the EGC-P and it was inversely correlated with 295 temperature (df = 28, r = -0.61, p < 0.0001). 296
The relative distribution of life stages of Oithona spp. within each zone during spring 297 is shown in Fig.4 . The lowest proportion of the early naupliar stages, NI and NII, was 298 recorded within the EGC-P (14 %) and IS (12 %) whereas higher values were measured 299 within the NIC (19 %), EGC-A (21 %), CIS (33 %) and RR (52 %) zones (Fig. 4A) . The 300 proportion of adult stages (CVI), on the other hand, decreased from the EGC-P to the RR 301 (Fig. 4B) . The distribution of the NIII-NVI naupliar stages and of the CI-CV copepodites was 302 more variable and did not seem to follow any clear pattern (Fig. 4B) . 303
The ratio between nauplii and total egg concentration (N/E), used here as an index for 304 naupliar survival, suggests that in spring the lowest naupliar recruitment occurred on the 305 EGC-P and IS whereas in summer it was lowest within the NIC, CIS and RR (Fig. 5) . Among 306 the planktonic organisms, collected with ARIES by the "broad scale survey", Calanus spp. 307 CV and CVI females (df = 17, r = -0.73, p < 0.001) and fish larvae (df = 9, r = -0.73, p = 308 0.017) were significantly negatively correlated with the Oithona spp. N/E during spring. On 309 11 the other hand, no significant correlation was found between the N/E and the concentration of 310 potential predators in summer. 311
312
Seasonal and spatial trends in Oithona spp. stages length 313
The variation in the size of the stages for the different cruises is summarized in Table  314 III and for different zones in spring in Table IV . The length of the all the stages was overall 315 longer in spring and winter compared to summer (Table III) . Spatially, the size of the NI-NIII 316 stages measured in spring was largest in the CIS and smallest in the remaining zones 317 resembling the pattern described for the N/E ratio. Although, the variation in length of the 318 older nauplii (NIV-NVI) and copepodites (CI-CV) was higher, on average, the longest 319 copepods within each stage were found in the EGC, RR and IS (Table IV) . The largest 320 females of O. similis were commonly found on the EGC-P, IS and RR, whereas the smallest 321
were associated with the CIS, NIC and SIC (Fig. 6) . Although, female body weight was 322 overall inversely related to temperature (df = 53, r = -0.66, p < 0.001, Fig. 6 ), during spring, 323 the females sampled on the IS and RR were larger than those sampled in zones characterized 324 by similar temperatures (Fig. 6) . 325
326
Seasonal and spatial trends in eggs per sac, egg production rate, specific egg production 327 rate and the proportion of reproducing females 328 Fig. 7 summarises the variation in eggs per sac (ES), egg production rate (EPR), 329 weight-specific egg production rate (SEPR) and the relative abundance of reproducing 330 females (RAF) in the population within different zones and times of the year. Overall, ES 331 varied from a minimum of 5 eggs sac -1 to a maximum of 20 eggs sac -1 . Mean (± SE) ES was 332 significantly higher (ANOVA, F [2,69] = 13.6, p < 0.0001) in spring (12 ± 0.31 eggs sac -1 , n = 333 38) compared to summer (10 ± 0.33 eggs sac -1 , n = 29) and winter (9 ± 0.30 eggs sac -1 , n = 7) 334 EPR varied from a minimum of < 1 egg female 55.3 ± 3.7 %, 54.5 ± 3.2 % and 51.32 ± 2.3 % in spring, summer and winter respectively. 344
In spring the highest ES, EPR and SEPR were measured on the RR, IS and NIC 345 whereas the highest RAF was recorded on the EGC-P and the RR (Fig. 7) . In summer, on the 346 other hand, the highest ES, EPR, SEPR and RAF were all measured within the EGC-P, EGC-347 A, NIC and SIC zones (Fig. 7) . In winter ES, EPR, SEPR and RAF were only measured 348 within the NIC, SIC, CIS and IS and their respective mean values were similar (Fig. 7) of the total variation in the ln biomass of Oithona spp. (Table V) . 356
The mean ES and EPR of the O. similis female population increased significantly with 357 body weight (Fig. 8) . However, Fig. 9 shows that if only the egg sacs found attached to 358 individual copepods are considered, the number of eggs per sac decreases for all the females 359 that were heavier than ca. 0.75 μg C (or longer than ca. 539 μm). Such decrease in ES seemed 360 to be associated chiefly with the females sampled within the shallowest stations on the EGC 361 and IS in spring but not with similarly sized females sampled in summer at the EGC stations 362 at comparable in situ temperatures (Fig. 9) . The largest egg sacs contained the highest number 363 of eggs (df = 222, r = 0.82, p < 0.001) but not the largest eggs, as we found no difference in 364 egg diameter with either the length of the egg sac or the prosome of the female. The reason 365 for the differences in the lower ES and female weight in Fig. 8 compared to Fig. 9 is that Fig.  366 8 displays means whereas Fig. 9 shows individual values for female weight and ES. 367
Moreover, in Fig. 9 is a subset of the data since here we show only the eggs measured in the 368 egg sacs that were found attached to females. 369 ES, EPR, SEPR and RAF were also significantly positively correlated with Chl 370 concentration, microplankton groups and the M:F ratio, whereas no significant correlation 371 was found with either temperature or salinity. Stepwise multiple regression analysis of pooled 372 data indicated that 63 % of the total variability in ES was explained by female body weight 373 followed by M:F ratio and ciliates carbon in the size range of 20 -40 μm in cell diameter 374 (Table V) . On the other hand, 38 % of the total variability in EPR was explained by female 375 body carbon, dinoflagellates carbon and ciliates carbon in the size range of 20 -40 μm in cell 376 13 diameter, whereas 36 % of the variability in SEPR was accounted for by dinoflagellates 377 carbon and ciliates carbon in the size range of 20 -40 μm (Table V) . 378
379

Production 380
Oithona spp. production (P) in the study area varied from 1.61 μg C m -3 d -1 to 153 μg 381 C m -3 d -1 (Fig. 10 and Table VI ). The seasonal pattern of mean (± SE) Oithona spp. 382 production was similar to that of the biomass with the highest mean total production measured 383 in summer (67.02 ± 9.4 μg C m -3 d -1 ), lower production being observed in spring (14.2 ± 2.44 384 μg C m -3 d -1 ) and the lowest in winter (8.8 ± 1.2 μg C m -3 d -1 ). In spring the highest 385 production was measured on the RR whereas there was no clear difference between the other 386 areas. In summer the highest production was measured on the SIC, NIC and RR whereas the 387 lowest on the EGC-P. In winter the highest productions were measured on the RR and CIS 388 and the lowest on the NIC and IS, although, at this time sampling was not undertaken within 389 the other zones. The production of the naupliar stages was comparable to that of the younger 390 copepodite stages both in spring and winter (i.e. 40 % of the total P) and it was always higher 391 than that of the adult female stage (Table VI) . 392
393
Discussion
394
The present study investigated the regional variation of Oithona spp. stage structure, 395 biomass and productivity in the Irminger Sea, North Atlantic. Besides a general paucity of 396 data for this oceanic region on an important genus such as Oithona spp., our study was 397 motivated by gaining insights of the factors which may determine the reported temporal and 398 spatial stability in biomass and production of these cyclopoids in some areas (Nielsen and 399 Sabatini, 1996) and high variability in other areas (Uye and Sano, 1998). For this reason the 400 survey was carried out at different times of the year and over basin scale, in regions with very 401 different hydrographic, physico-chemical and biological attributes (Holliday et al., 2006) . 402
403
Eggs per sac, egg production rate, specific egg production rate and the proportion of 404
reproducing females 405
In the present study O. similis reproduced during all sampling occasions reaching 406 peaks of breeding activity in spring, as indicated by both the production of higher ES, EPR 407 and the proportion of reproducing females (RAF) compared to values measured during the 408 summer and winter cruises (Fig. 7) . The highest mean EPR, SEPR and RAF were measured 409 on the Greenland (EGC-P) and Iceland (IS) shelves, the NIC and on the RR where both 410 14 female body carbon and microplankton biomass were also high (Fig. 7) . Most of the 411 variability in O. similis ES and EPR was explained by female body weight, followed by 412 ciliates and dinoflagellates biomass (Table V) , whereas the effect of temperature was not 413 significant over the range considered. Although, copepod reproductive rates increase with 414 temperature under laboratory saturating feeding conditions (Runge, 1984) , field studies have 415
shown that, in nature, copepods EPR can be food limited and that the effect of temperature on 416 fecundity is indirectly mediated by body size (Gislason, 2005; Castellani and Altunbaş, 2006) . 417
Nevertheless, using a large compilation of data from the literature (present study, Uye and 418 Sano, 1998; Nielsen and Sabatini, 1996) , over a wide temperature range, the effect of 419 temperature on Oithona spp. SEPR (i.e. EPR standardized for copepods of different body 420 weight) becomes discernible (Fig. 11) . 421
The significant increase in EPR we found with ciliates and dinoflagellates biomass 422 (Table V) phytoplankton can make up a considerable fraction of the diet of Oithona spp., this copepod 429 genus has been reported to prefer motile to non-motile prey, selecting ciliates preferentially to 430 diatoms of similar shape and size (Atkinson, 1996) . Despite finding positive correlations 431 between ES, EPR and SEPR with Chl and diatoms, these variables were eliminated during the 432 stepwise regression procedure. The highest Chl concentrations (i.e. > 3 μg Chl L -1 ) were 433 measured during a bloom of Phaeocystis sp. and, therefore, low EPR even at these high 434 phytoplankton concentrations is not surprising as O. similis does not tend to feed on this algal 435 species (Castellani et al., 2005b) . 436
Increases in ES, EPR, SEPR and RAF occurred at the fronts between the EGC-P and 437 EGC-A, the CIS and the NIC/SIC, the CIS and RR and stratified water in the EGC-P, where 438
Chl, ciliates and dinoflagellates concentrations were particularly high ( (Nielsen and Sabatini, 1996) have 452 argued that the lack of correlation they found between O. similis SEPR with Chl and 453 microplankton in the North Sea was due to the fact that Oithona spp. was not food limited. 454
The higher total microplankton and ciliates concentrations measured by Nielsen and Sabatini 455 (Nielsen and Sabatini, 1996) in the North Sea compared to those recorded, in the present 456 study, would support the argument put forward by these authors. Nevertheless, it cannot be 457 excluded that additional food preys, which were not considered here such as copepod nauplii 458 (Nakamura and Turner, 1997) and faecal pellets (Gonzalez and Smetacek, 1994) producing eggs in the population will decline (Kiørboe, 2006) . Thus, the significant 463 relationship we found between the sex ratio with the RAF and the ES suggests that the 464 proportion of males in the population might also have affected O. similis reproductive rates 465 and warrants further investigation. 466
The present study has also shown that, although, the mean ES of the O. similis 467 population increased with female body carbon (Fig. 8) , the egg sacs attached to individual > 468 0.75 μg C from the EGC, in spring, were smaller than those produced by females of similar 469 weight exposed to lower temperatures but to a higher ciliates concentrations in summer (Fig.  470   9 ). This observation suggests that either low food concentration/quality or copepod age were 471 the most likely causes for the smaller ES measured in spring within the EGC zone. we measured for the same area and time of the year using a 63 μm mesh size net. At the time 495 of our survey, Oithona spp. abundance in the Irminger Sea decreased with depth ( Fig. 12 and  496 Gislason, 2003). Thus, it is possible that the lower Oithona spp. biomass estimates reported 497 by Gislason (Gislason, 2003) were due to the sampling methodology adopted by this author 498 who integrated biomass over the whole water column down to a depth of 2500 metres. 499
Our results also show that the spatial and seasonal variation in Oithona spp. biomass 500 in the Irminger Sea was related to both the hydrographic and the biological characteristics of 501 the zones described by Holliday et al., (Holliday et al., 2006) . The lowest Oithona spp. 502 biomass measured at the innermost stations on the Greenland shelf, the EGC-P, was 503 associated with colder and less saline water of Arctic origin. On the other hand, the increase 504 in biomass observed between the shelf break (EGC-A) and offshore (CIS, NIC, SIC and RR) 505 was associated with progressively warmer and saltier water of Atlantic origin. Hansen et al., 506 (Hansen et al., 2004) have recently shown that low salinity was an important factor limiting 507 the distribution and abundance of O. similis in the Baltic Sea. Although, in the present study, 508
Oithona spp. biomass was overall positively correlated with salinity, such correlation was 509 only significant for the spring data and salinity was rejected by the step-wise multiple 510 regression analysis on pooled data (Table V) . Moreover, the lowest salinity of 30.5 measured, 511 on the Greenland shelf, was much higher than the 7 to 16 reported for the Baltic Sea by 512
Hansen et al., (Hansen et al., 2004) . Therefore, it is reasonable to assume that the salinity 513 concentrations encountered in the Irminger Sea, in the present study, did not significantly 514 affect the observed variation of Oithona spp. biomass. 515
The five-fold increase in Oithona spp. biomass recorded between the EGC-P and the 516 RR and between spring and summer, in the present study, was statistically significant. 517
Gislason (Gislason, 2003) 
were found within the top 60 m of the water column (Fig. 12) is, somehow, at odds with 522 findings by Gislason (Gislason, 2003) . It is worth noting, however, that the abundances 523 reported by Gislanson (Gislason, 2003) during April and June are about a tenth of those 524 measured, in the present study, and they will be chiefly represented by larger and older 525
Oithona spp. stages (because of the 200 μm mesh size net used by this author) which tend to 526 have a deeper vertical distribution than younger but more abundant stages. 527
The stage structure of the population of Oithona spp. in the Irminger Sea varied 528 significantly from spring and winter, when it was largely made up by nauplii, to summer 529 when copepodites predominated. It is reasonable to conclude that the larger 200 μm mesh size 530 net used by previous studies would have missed the bulk of biomass in the surface strata 531
represented by nauplii and younger copepodites in spring. This trend would have also been 532 exacerbated by the fact that in summer the size of the stages is smaller (Table III) . Therefore, 533 the increase in Oithona spp. biomass we measured in summer was probably primarily the 534 result of population growth rather than vertical migration of cyclopoids from deeper strata. 535
Multiple regression analysis showed that temperature explained the highest proportion 536 of the spatial and temporal variability of Oithona spp. biomass followed by dinoflagellate 537 concentration (Table V) Sameoto (Head and Sameoto, 2005) for the Newfoundland and Scotian shelves using the 550 Continuous Plankton Recorder (CPR) data. Although there was a tendency for Oithona spp. 551 biomass to be higher at the fronts, where microplankton production was higher, the pattern 552
was not as evident as that observed for the reproductive parameters. Such result is, however, 553 not surprising as the signal of the link between food web compartments weakens as it 554
propagates up towards higher trophic levels. Sabatini (Nielsen and Sabatini, 1996) who did not observe significant differences between 565 shallow (< 50 m) and deeper (100 -200 m) stations in the North Sea. Our study, however, 566 was conducted over basin scales at depths varying between about 100 m to 3000 m in coastal 567 and oceanic conditions. On the other hand, the investigation of Nielsen and Sabatini (Nielsen 568 and Sabatini, 1996) took place over a shorter time and within a narrower sampling area 569 characterized by higher microplankton concentration and by relatively more stable 570 environmental conditions. Thus, food limitation and/or higher predation impact, in the present 571 study, compared to the shallower and more productive area, sampled by Nielsen and Sabatini 572 (Nielsen and Sabatini, 1996) in the North Sea, may be among the main reasons for the 573 variability we report in the biomass and productivity of Oithona spp. 574
The present study has also shown that naupliar stages contributed a comparable or 575 higher fraction to both the biomass and production of Oithona spp. than copepodite stages. 576
This observation contrasts with previous studies (Nielsen and Sabatini, 1996 ; Uye and Sano, 577 1998) which have assumed the production rate of Oithona spp. nauplii to be negligible. 578
Nevertheless, the production rates we report here for Oithona spp. nauplii and younger 579 copepodite stages, using adult female SEPR, probably represent a conservative estimate as the 580 growth rates of copepod juveniles in situ are considered closer to food saturation rates than 581 the SEPR of adult females (Hirst and Bunker, 2003 , 2004) . Nevertheless, the present study 589 has shown that in spring the nauplii represented up to 80 % of the total abundance whereas in 590 summer the population of Oithona spp. was primarily made up of late copepodite stages. The 591 pattern observed suggests that, overall, the seasonal variation in Oithona spp. stages 592 composition was probably the result of the natural progression of the life stages initiated by 593 the higher EPR in spring and continued by relatively faster growth rates stimulated by 594 increasing temperatures in summer. On the other hand, spatially, the lowest proportion of NI 595 and NII stages was recorded in spring on the EGC-P and IS compared to the EGC-A, CIS and 596 NIC zones and it coincided with the lowest N/E ratio. Since EPR, RAF and microplankton 597 concentration on the EGC-P, IS and RR were higher or similar to those measured within the 598 EGC-A, CIS and NIC zones, it is unlikely that the lower naupliar recruitment was caused by 599 either low temperature or food limitation. Ussing (Ussing, 1938) speculated that the decrease 600 in the abundance of O. similis he measured in the fjord of East Greenland could be due to 601 predation pressure by large Calanus spp. Shelf areas in spring are sites of high reproductive 602 activity and recruitment for planktivorous organisms such as fish larvae (Kane, 1984) and 603
Calanus spp. (Gislason, 2005) . The inverse relationship found between Calanus spp and fish 604 larvae abundance and the Oithona spp. N/E ratio suggest that predation pressure might have 605 contributed to the lower naupliar recruitment measured on the EGC-P, IS and RR during 606 spring (Fig. 5) . The high proportion of NI-NII on the RR, however, also suggest that higher 607 EPR and higher egg hatching rate (i.e. due to higher temperature), in this region, were 608 compensating for naupliar mortality more than in other areas (Fig. 4) . 609
The presence of larger stage sizes we describe for spring and winter compared to 610 summer is similar to trends reported in the literature for calanoid copepods (Deevey, 1960) . 611
Temperature, food availability (Breteler and Gonzalez, 1988 ) and selective predation (Warren 612 et al., 1986) are considered the most important factors determining changes of copepod stages 613 length in situ. In the present investigation, O. similis female length was overall correlated with 614 20 both temperature and microplankton biomass. However, the presence of large females of 615 similar length within the IS, RR and EGC-P, suggests that the copepods sampled in these 616 zones might have all originated from colder water masses of Arctic origin and that, therefore, 617 hydrographic processes might have been important in determining copepod distribution. 618 Surprisingly, the largest NI-NIII naupliar sizes were found in the CIS where phytoplankton 619 and ciliate concentration were lowest compared to other zones. Nevertheless, the striking 620 similarity between the size distribution of the NI-NIII and the N/E ratio within the zones in 621 spring, suggests that predation might have also contributed to determine the pattern in stages 622 length we observed. 623
The spring cruise took place before the start of the phytoplankton bloom. At this time 624
C. finmarchicus and C. hyperboreus females had already emerged from diapause and they 625 were actively reproducing on the shelves as indicated by the large number of adults, eggs and 626 nauplii found here compared to deeper areas (C. Castellani, personal observation). Although 627 C. finmarchicus may begin the spring spawning using its fat reserves, the spring 628 phytoplankton bloom is considered important for continued reproduction of this species 629 (Gislason, 2003) . Since phytoplankton, particularly diatoms, were still relatively low in 630 abundance at the time of the spring survey it is possible that microplankton alone was not 631 sufficient to sustain Calanus spp. EPR. Based on energy budget considerations, Gislason 632 (Gislason, 2005) concluded that during spring the secondary production of C. finmarchicus 633 around Iceland was supported by heterotrophic feeding in addition to phytoplankton. 634
Similarly, using a simulation model Carlotti and Slagstad (Carlotti and Slagstad, 1997) Table II : Results of ANOVA test between the means (± SE) relative abundance (%) and relative biomass (%) of Oithona spp. nauplii (NI-NVI), copepodites (CI-CV) and adult female stages for the spring (D262), summer (D264) and winter (D267) cruises. Significance levels: ***< 1 %, ** < 5 % and * < 10 %. and temperature (T, °C). Significance levels: *** < 1 %, ** < 5 % and * <10 %; degrees of freedom (df), F statistic (F). The standard error of the estimated regression coefficients is given in brackets. 
